I. INTRODUCTION
Hydrogen can bind with and passivate a wide range of defects and impurities in crystalline silicon, such as grain boundaries, dislocations, shallow dopants, and also many point-like deep levels. 1, 2 Such hydrogenation, by reducing the recombination activity of deep defects, can be of crucial importance in silicon devices, especially solar cells. The charge state of monatomic hydrogen plays a key role in this passivation process, because differently charged species of hydrogen have dramatically different diffusivities, and in principle, will only bond with defects in suitable charge states. [3] [4] [5] In this work, we will describe and apply a rigorous approach to calculating the fraction of monatomic hydrogen in various charge states as a function of both temperature and injection level. The same approach will also be applied to some key monovalent deep-level defects in silicon solar cells, namely, interstitial Fe (Fe i ), Cr i and the boron-oxygen (BO) complex. Based on these results, we will discuss the potential for these key defects to be passivated by the oppositely charged hydrogen in silicon, and identify the temperature ranges and injection levels that are likely to result in the greatest degree of hydrogenation.
II. BACKGROUND A. Previous charge state-prediction models
In the simplest case of a monovalent defect in thermal equilibrium, the Fermi level E F and the spin degeneracy of the defect may be used to determine the occupancy probability of the state. 6, 7 When neglecting degeneracies, the result is simply the Fermi-Dirac distribution. For the more complex case of a multivalent defect in thermal equilibrium, Shockley and Last 8 proposed a model (referred to here as the ShockleyLast model) to predict the charge distribution as a function of the Fermi level and temperature. An important concept in their work is the ratio of the occupancy probability by holes to that by electrons for each energy level introduced by the defect, which, of course, also determines the concentration ratios of the various charge states of the defect. As shown by Shockley and Last, when neglecting degeneracies, the occupancy ratio for an energy level introduced by a multivalent defect in thermal equilibrium is identical to that calculated for a monovalent defect with the same energy level. 8 Whilst the Fermi level model and the Shockley-Last model accurately predict the charge state in thermal equilibrium, they do not apply to the important case of nonequilibrium conditions, which prevail, for example, when annealing under illumination or with an applied bias. In the literature, the quasi-Fermi levels are sometimes used as an approximation to account for the effect of injection in the calculation of the charge state of defects. For example, Landsberg studied the case where the deviation from thermal equilibrium is very small. 9 Besides the electron quasi-Fermi level E Fc and the hole quasi-Fermi level E Fv , another quasiFermi level E Ft was introduced in his work, which was found to describe the carriers trapped at the defect level very well. 9 Kimerling et al. used the electron quasi-Fermi level to estimate the charge state of isolated Fe i in p-Si, providing an explanation for why FeB pairs can be dissociated by minority carrier injection: namely, that E Fc is shifted above the energy level of Fe i under injection, leaving this donor level in a neutral charge state, which prohibits the re-pairing process during injection. 10 Conzelmann et al. applied a similar approach for Cr i to explain why CrB pairs in p-Si cannot be dissociated by injection. 11 However, the quasi-Fermi levels were originally introduced to describe the carrier distributions in the conduction band and the valence band, as the carriers in each band are in quasi-equilibrium with themselves, whereas the two bands are not in a unified equilibrium with one another. 12 This means, generally, one should not use the quasi-Fermi levels to describe the carrier distribution in the non-equilibrium bandgap. Especially at intermediate or highinjection levels, which commonly occur during the operation of devices such as silicon solar cells, applying the quasiFermi levels to estimate the charge distribution of a defect may generate misleading results.
The case of non-equilibrium steady-state recombination statistics through a monovalent defect was first considered by Shockley and Read, 13 and Hall 14 (SRH statistics). This model also gives a more rigorous answer to the problem mentioned above. As shown in their model, the occupancy probability of a defect level in non-equilibrium steady-state depends on not only the carrier concentrations (which are implied by the quasi-Fermi levels) but also the capture and emission rates of the defect level for both electrons and holes. On the basis of these previous works, Sah and Shockley 15 proposed a rigorous model (referred to here as the Sah-Shockley model), which describes the charge distribution and recombination statistics on multivalent defects in non-equilibrium steady-state. This model was subsequently applied to multivalent defects in silicon including substitutional Au (Au s ) 16 and Zn s . 17 These four models-(a) the Fermi-Dirac distribution (monovalent, thermal equilibrium), (b) the Shockley-Last model (multivalent, thermal equilibrium), (c) the SRH model (monovalent, non-equilibrium), and (d) the Sah-Shockley model (multivalent, non-equilibrium)-represent a set of increasingly complex models that may be applied to determine the charge states of defects in silicon under steady-state conditions. In this work, we will identify the conditions under which these models are accurate, and in particular, compare the non-equilibrium models with the simpler quasiFermi level model to identify the conditions where the latter can be used as a good approximation. The relevant models will then be applied to determine the charge state distribution for the technologically important case of monatomic hydrogen (a multivalent defect), and several other key monovalent deep levels in silicon solar cells, which are thought to be passivated by hydrogen.
B. Charge states of monatomic hydrogen and several key defects
Monatomic hydrogen is an important and widely studied multivalent defect in silicon. It has been identified as a "negative-U" defect, both theoretically via first-principles calculations, and also experimentally. 5 20 To account for the minority carrier injection, the electron quasi-Fermi level was used in the equations replacing the Fermi level, 20 which is essentially a simple extension of the model of Herring et al. As discussed above, using the quasi-Fermi levels may, in principle, generate inaccurate results, especially at intermediate and high-injection levels. Applying the more complete Sah-Shockley model should provide a more rigorous way to calculating the charge distribution of hydrogen in silicon in non-equilibrium steady-state, however, this has not been done previously.
What also has not been studied with this more rigorous approach is the charge state of Fe i and Cr i in silicon under injection. Here, we shall apply the SRH statistics to these two monovalent defects to predict their charge states, and, by combining with the results of the Sah-Shockley model for multivalent hydrogen, discuss the potential for hydrogenation of these defects. In addition, the BO defect and the permanent deactivation of this defect have been investigated in detail in recent years. [20] [21] [22] [23] [24] [25] [26] Some authors have suggested that the permanent deactivation process, which occurs during moderate temperature annealing with simultaneous injection, is in fact caused by charge-state driven hydrogenation of the defect. [25] [26] [27] This metastable defect is known to introduce a donor level localized in the upper band-gap of silicon. 28, 29 Courtesy of this finding, we also calculate the charge state of the BO complex and discuss its potential to bind with hydrogen during annealing and under injection.
III. MODELLING PROCEDURE
A. Previous models and the deduced occupancy ratio a Full details of the four models reviewed above can be found in the literature. [6] [7] [8] [13] [14] [15] For our current purposes, it is sufficient to discuss and compare them in terms of a single key parameter, the occupancy ratio. This parameter can be used to describe the charge distribution of mono or multivalent defects in thermal equilibrium or non-equilibrium steady state conditions. For unambiguous application to both monovalent and multivalent defects, we define the occupancy ratio as follows: following the notations in the Sah-Shockley model, each energy level E(s þ 1/2) in the band gap can assume two charge states: s (when the level is occupied by a hole) and s þ 1 (when occupied by an electron). The occupancy ratio is then simply the ratio of the number N s of defects in charge state s to the number N sþ1 in charge state s þ 1.
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Here, we neglect degeneracies in the general model, as is often assumed for deep levels as a simplification. 30 1. The Fermi-level, the Shockley-Last model, and the thermal occupancy ratio Shockley and Last 8 showed the consistency of their model with the Fermi-Dirac distribution: the occupancy ratio for an energy level E(s þ 1/2) introduced by a monovalent or a multivalent defect in thermal equilibrium can both be expressed by
We denote this thermal occupancy ratio as a thermal . It can also be expressed in the form
where n 0 and p 0 are the thermal-equilibrium electron and hole densities, and n 1 , p 1 are the equilibrium electron and hole densities when the defect energy level coincides with the Fermi level.
SRH model and the general occupancy ratio
As suggested by the SRH model, 13 in steady state, the fraction of a monovalent defect occupied by electrons is
where c n and c p are the electron and hole capture constants, and n and p are the densities of electrons in the conduction band and holes in the valence band, respectively. The relationship between c n , c p and the electron and hole emission constants e n and e p is
Using the electron and hole capture cross sections r n , r p and the carrier thermal velocities v th to replace c n and c p , and introducing the capture cross section ratio k ¼ r n /r p , Eq. (3) can be reduced to
The occupancy ratio a can be then obtained,
Note that the ratio a contains information of (a) the densities of carriers n and p, (b) the location of the defect level n 1 and p 1 , and (c) the capture cross section ratio k of the defect level. The first of these specifies the non-equilibrium conditions, and the next two the properties of the defect level. In thermal equilibrium where
the general occupancy ratio simplifies to the thermal occupancy ratio as
where we have used the fact that n 0 p 0 ¼ n 1 p 1 . What is notable here is that the capture cross section ratio k does not appear in the expression for a thermal .
The Sah-Shockley model and its consistency with the general occupancy ratio
The occupancy ratio for an energy level E(s þ 1/2) introduced by a multivalent defect given in the more general Sah-Shockley model is in the form of Eq. (9),
where n*(s þ 1/2) and p*(s þ 1/2) are defined as
Combining Eqs. (4) and (10), we can see that these two parameters are related to n 1 and p 1 by
Using n 1 , p 1 , and k to replace n*(s þ 1/2) and p*(s þ 1/2) in Eq. (9), the occupancy ratio reverts back to the form in Eq. (6) again.
This demonstrates the consistency of the four models when it comes to the prediction of the charge state. As a general rule, the occupancy ratio of an energy level E(s þ 1/2), whether introduced by a monovalent or a multivalent defect, in thermal equilibrium or in non-equilibrium steady-state, can all be expressed by the parameter a given by Eq. (6).
Comparison of the occupancy ratio and quasi-Fermi level approximations
As mentioned above, the electron quasi-Fermi level is sometimes used to estimate the charge states of defects under injection in the literature. [9] [10] [11] 20 In this section, we compare the general expression for the occupancy ratio a (Eq. (6)), with both the electron and hole quasi-Fermi levels approximations. Accordingly, two analogous ratios a c and a v , which are associated with E Fc and E Fv , respectively, can be derived,
We note again that a c and a v do not contain the capture cross section ratio k. At low injection levels approaching thermal equilibrium, k becomes less important in a, and all of these three ratios approach a thermal as given by Eq. (2).
We also observe that for monovalent defects having a k value larger than unity, and whose energy level is close enough to the conduction band, the electron quasi-Fermi level is a good approximation before the injection becomes too high. The reason for this is that such a defect level has a large value of n 1 , and a negligible value of p 1 in comparison with the carrier densities n and p. At low injection levels, both of a and a c approach a thermal ; when the injection level becomes higher, the conditions satisfy kn 1 þ p % kn 1 and kn þ p 1 % kn, and thus a % a c . Some examples of this case will be given in Sec. IV below. Similarly, the hole quasiFermi level should be a good approximation for an energy level, which is close enough to the valence band and has k < 1.
At very high injection levels, where Dn ) n 0 , p 0 , kn 1 , p 1 ,
This equation reveals that at high injection levels, there are abundant carriers in both the conduction and the valence bands, so the carrier distribution at the energy level only depends on its relative ability to capture electrons and holes. Except for the cases where k has a very large value (a high-injection % a c ! 0) or a very small value (a high-injection % a v !þ1), both a c and a v will fail to predict accurately the occupancy ratio a high-injection , as the essential information from the capture cross section ratio k is missing.
B. Model of the charge distribution of monatomic hydrogen in silicon
In general, hydrogen in silicon can exist as monatomic hydrogen (H s ), molecular hydrogen (H 2 ), diatomic hydrogen complexes (H 2 *), or bound to a dangling bond at a defect site. 1 The equilibrium between those species has been studied by several authors. 1, 3, 18, 27 According to their findings, the potential energies of H 2 and H 2 * are lower than those of the monatomic species, but as the reaction from the monatomic species to H 2 and H 2 * is exothermic, higher temperatures will generally favour the monatomic states more than lower temperatures. 1, 3, 31 As higher temperatures can also break some of the bonds between hydrogen and other impurities, 1,3,18 the net effect of elevating the temperature should be an increase in the concentration of the monatomic hydrogen N H , assuming that the total amount of hydrogen in the sample remains fixed. In this work, we will therefore regard the total hydrogen concentration as constant and independent of temperature, and the monatomic hydrogen concentration N H as a variable, which is dependent on the temperature according to some balance with other hydrogen species. Our focus will therefore be on predicting the fractions of different charge states within the unspecified monatomic hydrogen concentration N H . Note that these fractions will not depend on the magnitude of N H , but the absolute concentrations of H 
where n s , v s , and Z s are the concentration, the number of possible sites or orientations per unit cell, and the effective partition function of the corresponding charge state H s . E D and E A are the donor level and the acceptor level introduced by monatomic hydrogen. As the temperature dependence of Z s is unknown, we follow the low-temperature approximation Z s (T ! 0) ¼ 1 suggested in the model of Herring et al. Also, we assume that the energy levels E D and E A are temperature-independent. The values of v s , E D and E A are listed in Table I . 18 It is evident that Eqs. (15) and (16) are equivalent to applying the definition of the occupancy ratio to the hydrogen levels E D (þ/0) and E A (0/À) in thermal equilibrium, but including the effects of the spin degeneracy (included in v s ) and the partition function. As stated in the model of Herring et al., the partition function takes account of the modification which each unit of the species makes in the vibrational partition function of the host plus impurity atoms. 18 This makes the model of Herring et al. more complete than ShockleyLast model for the case of hydrogen. When neglecting degeneracies and following the low-temperature approximation Z s ¼ 1, the two exponential terms are exactly those associated with the simple Fermi-Dirac distribution, in agreement with the general Shockley-Last model. To include the nonequilibrium steady-state conditions in the model, we use the occupancy ratios a E D and a E A in place of the exponential terms in Eqs. (15) and (16) , which gives 
Equations (17) and (18) 32 Also bearing in mind that donor levels generally have k values larger than unity, 32 we arrive at the following estimations:
The value of k Cr is from Ref. 33 , while other values conform with those in Ref. 32 . Note that in any case, the value of k E D should not have a significant impact on the results before the injection level becomes high, as the hydrogen donor level is very close to the conduction band, as discussed above.
IV. RESULTS AND DISCUSSIONS

A. Two examples (Fe i and Cr i ) comparing the general model with quasi-Fermi level approximations
Here, we compare the general occupancy ratio a and two analogous ratios a c and a v derived from the quasi-Fermi level approximations, for the specific cases of Fe i and Cr i . Note that although we only show the results for p-Si in this section, similar analyses apply for n-type silicon. Figure 1 shows the injection-dependent occupancy probability (the probability to be occupied by an electron) of the Fe i level in p-Si calculated with a, a c , and a v at room temperature. The occupancy probability is related to the occupancy ratio via f ¼ 1/ (1 þ a) . The recombination parameters of Fe i are taken from Ref. 34 . As can be seen by comparing the three curves, neither of the quasi-Fermi levels yields a good approximation for the whole injection range for the Fe i level.
Based on the use of the electron quasi-Fermi level E Fc in the calculation, one may expect that all of the isolated Fe i atoms are occupied by electrons and become neutral at a very low injection level of about Dn ¼ 1 Â 10 8 cm À3 , as shown by the curve f(a c ). This would mean that FeB pairs should not be stable under very low injection levels. However, as predicted with the more rigorous occupancy ratio a shown by the curve f(a), an injection level of about Dn ¼ 1 Â 10 14 cm À3 is required to make all of the isolated Fe i neutral. This is consistent with observations of FeB pairs in silicon, which have often been observed to remain paired and stable under moderate injection levels. has to be achieved to obtain a significant fraction of neutral Cr i , which explains why the injection-stimulated dissociation of CrB pairs has not been observed before. 36, 37 As discussed in the modelling procedure, we observed that for some monovalent defects whose energy levels are located close to the conduction band and with k > 1, the electron quasi-Fermi level can be a reasonable approximation before the injection becomes high. The Cr i level is a good example of such a case, as shown by the coinciding curves f(a) and f(a c ). However, at very high injection levels, a c always approaches 0 and f(a c ) approaches 1; but a approaches 1/k ¼ 1/3.2 and f(a) approaches 76% for Cr i . That means that even at very high injection levels, only about 76% of the Cr i atoms are in the neutral state.
Furthermore, as the sign of the gradient
is injection-independent, the injection dependence of the occupancy ratio as well as the occupancy probability should be monotonic. In p-Si, this term is always negative regardless of the doping level for the Cr i level, indicating that 76% is the upper limit of the fraction of neutral Cr i one can achieve in p-Si. By comparison, for Fe i , a approximates 0 at high injection levels because Fe i has such a large capture cross section ratio (about 580), 38 meaning that almost all Fe i atoms are neutral at high injection levels. 
À3
. The band gap narrowing effect at elevated temperatures is included in the calculation, 39 while the band gap narrowing effect induced by high-injection is not considered, as this effect is not significant up to the injection level of 1 Â 10 17 cm
. 40 The relative position of the Fe i level in the band gap is considered temperature-independent, and this is also assumed for the energy levels of Cr i , BO complex and monatomic hydrogen. We show the results at injection levels of 1 Â 10 13 cm À3 , 1 Â 10 15 cm
, and 1 Â 10 17 cm À3 to represent low, intermediate, and high injection conditions, respectively. In thermal equilibrium at a lower temperature range, most of Fe i is neutral in n-Si and is positive in p-Si. With the increase of the injection level, f(Fe i þ ) increases in n-Si and decreases in p-Si. At high injection levels, the results in both types of silicon become similar as the doping becomes much lower than the excess carrier densities. Another condition where the doping becomes unimportant is at high temperatures when silicon becomes intrinsic. In this case, the injection also becomes less important, and the occupancy ratio a approaches a thermal given by Eq. (2) . Figure 4 gives the modelling results for Cr i . With the results in both types of silicon shown on the same scale, it is clear that the doping becomes unimportant at high injection levels and at high temperatures. In comparison with Fe i , the carrier injection has a much smaller impact on the fraction of Cr i þ : an obvious change in the charge distribution begins at an intermediate injection level of 1 Â 10 15 cm À3 , and in the same injection range, f(Cr i þ ) only varies within one order of magnitude.
Similarly to Cr i , injection also has a much less significant impact on the charge distribution of the BO complex, which is shown in Figure 5 . The calculation is based on the finding that the BO complex can be associated with a donor level at E c À 0.41 eV having a k value of 9.3. 28, 29 As the BO complex is deactivated at elevated temperatures, 22 we only calculate the charge state in a temperature range below 300 C. The permanent deactivation of the BO complex at about 200 C under illumination has been observed in p-Si, 23, 24 and has been attributed to passivation via hydrogenation by some authors, [25] [26] [27] although we note that other models exist which are not based on hydrogenation to explain the regeneration. 41, 42 This reaction also occurs in compensated n-type silicon containing boron, but in this case, the deactivation was observed to be partially unstable under illumination at room temperature by some authors, 43 although another recent report indicates the deactivation may be stable. 44 These experimental observations can potentially be explained by the charge state of the BO complex under different conditions. As shown in Figure 5 , at 200 C, there is always a significant fraction of the BO complex, which is positively charged in both types of silicon, unless the injection becomes too high, ensuring the hydrogen passivation of this defect can proceed. However, at room temperature, the BO complex is mostly neutral in compensated n-Si, while it is mostly positively charged in p-Si. In compensated n-Si, if the bond between the BO complex and hydrogen is broken by illumination, the BO complex becomes neutral and will not pair with hydrogen again, leading to a reversal of the deactivation process. This will not occur in p-Si, as the two components of the defect can quickly re-form due to their opposite charge states. This may explain why the deactivation of the BO complex is unstable in compensated n-type silicon.
We note that the case of the BO defect deactivation in p-Si is analogous to the fact that CrB pairs cannot be broken under illumination in p-Si, due to the Cr i being positively charged, and re-pairing immediately after dissociation. On the other hand, the unstable BO deactivation in n-Si is similar to FeB pairs in p-Si, as the Fe is neutral under injection at room temperature, meaning the pairs cannot re-form.
C. Charge distribution of monatomic hydrogen Figure 6 shows the predicted fractions of H þ , H À , and H 0 as a function of temperature and injection level in n-Si with a doping of 1 Â 10 15 cm
. Figure 7 shows the results in p-Si with the same doping level. The first observation is that in thermal equilibrium at room temperature, H À is the majority species in n-Si, while H þ is the majority species in p-Si, in agreement with the results of other studies. 1, 18 In the high-temperature intrinsic condition, H þ is always the majority charge state as the Fermi level is pinned around the middle of the band gap, which is far below the hydrogen donor level (þ/0) but very close to the acceptor level (0/À). Minority carrier injection generally increases f(H þ ) and decreases f(H À ) in n-Si, while its effect is reversed in p-Si. What is also notable is that, under most circumstances, injection increases f(H 0 ) in both n-and p-Si. The neutral hydrogen atom H 0 is recognised to play an important role in hydrogenation in some works, and the reason has been widely attributed to its much higher diffusivity in comparison with other charge states, 20, 27, 45, 46 although other reports have partly contradicted this. 47 In addition, in the model suggested by Wilking et al., the permanent deactivation of BO defects is proposed as passivation by H 0 atoms. 27 Thus according to the results, it can be advantageous to have a higher injection level before the hydrogenation process as it helps distribute monatomic hydrogen throughout the silicon wafer from the hydrogen source, which is generally a dielectric layer at the surfaces. 20, 46 At this stage, we shall discuss how our results differ from the simple extension of the model of Herring et al.
Since injection becomes unimportant in the temperature range where intrinsic conditions prevail, we only discuss the 18, 20 However, they diverge significantly as the injection level increases. At high injection levels, a c (in the simple extension of the model of Herring et al.) approaches 0 for both energy levels introduced by monatomic hydrogen, which results in
For our model, however, combining Eqs. (17) and (18) and the high injection level approximation Eq. (14), gives
As an acceptor level (0/À) captures electrons when it is neutral and captures holes when it is negatively charged, r n should be generally smaller than r p due to the Coulombic attraction associated with the latter process, resulting in a k value lower than unity for most acceptor levels. 32 In this respect, n -/n 0 should be smaller than a quarter according to Eq. (22), which is an obvious difference from the condition expressed by Eq. (21) 
D. Discussion of the hydrogenation of the key defects
In the process of defect hydrogenation, monatomic hydrogen in a certain charge state is more inclined to bond with oppositely charged defects, or possibly with neutral defects. The key deep-level defects we have discussed in this work, Fe i , Cr i , and the BO complex, all introduce a single donor level (þ/0) in the band gap. They should therefore be mostly passivated by negative hydrogen through the reaction M þ þ H -! MH, where M signifies the defect in question. We may assume this as an elementary reaction so that, at a given temperature, the reaction rate linearly depends on the product of the concentrations of M þ , H À and the rate constant k r , according to the law of mass action. The rate constant k r is a function of temperature and is governed by the activation energy E a via the Arrhenius equation. The activation energy for the proposed hydrogenation of the BO complex is found to be about 0.62 eV, 23 and that for the hydrogenation of Fe is in the 1.2-2 eV range. 1, 48 This reveals a relatively strong temperature dependence of the rate constant. In addition, as discussed in the modelling procedure of hydrogen, higher temperatures are expected to significantly increase the concentration of monatomic hydrogen N H at the expense of molecular hydrogen. As a result, if dehydrogenation at even higher temperatures is avoided, higher temperatures are expected to always accelerate the hydrogenation reaction, potentially outweighing the impact of the changes in f(H À ) and f(M þ ). Thus, we shall focus on the effect of injection on the reaction rate at fixed temperatures, where the modelling results can be interpreted without the complications of the temperature effects, which are not included in the model.
At a fixed temperature, we shall regard the concentration of the defect [M], k r , and N H as invariant so that the reaction rate only depends linearly on f(
as the injection level varies at 200 C in n-and p-Si. At this temperature, a high fraction of FeB pairs and CrB pairs are dissociated and hence the metals are free to bind with H; but a certain injection level is needed to keep the BO complex active through a recombinationenhanced defect formation process. 21 At higher temperatures, the curves will become flatter over the whole injection range, but will still approach the same values as this temperature at higher injection levels. This is because at higher injection levels, the occupancy ratio approximates the inverse capture cross section ratio, which is temperatureindependent, as expressed by Eq. (14) . Also shown in the figures is the fraction of negative hydrogen. Comparing the results shown in Figures 3-7 , we can see that the injection has a much more significant impact on f(
is dominated by the injection-dependence of f(H À ). As a result, as shown by Figure 8 
all have a similar shape to f(H À ) in each type of silicon. As shown in the figures, thermal equilibrium conditions, in other words with no injection, should favour the hydrogenation reactions in n-Si, while in p-Si, higher injection levels are always preferable to accelerate the reaction; these conditions are exactly those that maximize f(H -) in each type. The modelling result of f(H À ) Á f(BO þ ) in p-Si is in agreement with the experimental results showing that a higher injection level results in higher reaction rates and greater amount of hydrogenated BO defect in p-Si. 24 In comparison, acceptor-like defects are mostly passivated by positive hydrogen via the reaction M À þ H þ ! MH. As shown by Figures 6 and 7 , at above 400 K, the fraction of positive hydrogen is nearly injection-and temperatureindependent, always approximating unity. Thus, at a fixed temperature, the injection-dependence of the product
The conditions that favour the hydrogenation reaction the most, therefore, should be the conditions that maximize f(M À ).
E. Uncertainties in the modelling results
It should be noted that while the use of the general occupancy factor is in principle rigorous, its application to the cases presented in this work may be uncertain to some degree, due for example, to the following considerations: We have demonstrated their consistency with the general occupancy ratio a ¼ (kn 1 þp)/(knþp 1 ), which can be applied to the prediction of the charge distribution of mono/multivalent and in thermal equilibrium/non-equilibrium steady-state conditions. The capture cross section ratio was found to play an important role in determining the charge state under nonequilibrium conditions. This model has been compared with the quasi-Fermi level approximations, and the electron-quasi Fermi level is found to be a good approximation for predicting the occupancy probability of energy levels, which are located close enough to the conduction band and have capture cross section ratios larger than one, for example, the Cr i level. However, we have shown that in other cases, the quasi-Fermi level fails to accurately predict the occupancy probability, especially at high injection.
The general model is applied to the prediction of the temperature-and injection level-dependent charge states of several key defects including Fe, Cr, and the BO complex in silicon solar cells, and especially monatomic hydrogen. For the case of hydrogen, we have adapted the model of Herring et al., retaining the factors v s and Z s , but generalizing it for non-equilibrium via the occupancy ratio from the Sah-Shockley model. For the monovalent deep levels, we have neglected the degeneracies. The presence of carrier injection is found to have a much larger impact on the fraction of negative hydrogen than on those key defects. Based on these results, we have discussed the impact of temperature and injection on the hydrogenation of the key defects. Higher temperatures are very likely to always accelerate the hydrogenation reaction (up to the point when dehydrogenation begins to dominate). However, at a fixed temperature in the lower temperature range, the conditions that will favour hydrogenation of these donor-like defects the most are the conditions that maximize the fraction of negative hydrogen, namely, the thermal equilibrium conditions in n-Si and the high-injection conditions in p-Si, while the conditions that favour hydrogenation of acceptor-like defects are those that maximize the fraction of negatively charged defects. In general, the presented approach provides a rigorous methodology for understanding the impact of charge states on hydrogenation of defects and other pairing reactions in silicon. 
